The greater long-tailed hamster (Cricetulus triton) is widely distributed in the farmlands of northern China. By using DNA sequence data from the mitochondrial D-loop region, we examined genetic diversity and genetic differentiation of 3 mountain populations of the greater long-tailed hamsters in 2 river drainages and 4 plain populations in the North China Plain. Phylogenetic analyses with parsimony and Bayesian inference, nested clade analysis, and analysis of molecular variance were used. The results showed that each population was significantly differentiated from others and the species possessed a high level of phylogeographic structure. The haplotypes were grouped into 2 clades that corresponded to 2 distinct topographic ranges: the mountain and the plain region. The split between the 2 clades accounted for 24% of the genetic variance observed among the examined samples. This study indicated that contiguous mountains played a potential role in genetic differentiation of the greater long-tailed hamsters in the North China Plain. It is suggested that limited gene flow among mountain populations or between mountain and plain populations, plus the impact of inbreeding or genetic drift on the small and isolated populations, accelerated genetic differentiation of mountain populations from plain populations of the greater long-tailed hamsters.
Populations of many organisms are structured into phylogenetic units, and such units often correspond to geographical regions (Avise 1992; Avise et al. 1987; Riddle 1995) . A major concern in the field of population genetics is to understand the causes of differentiation between populations across ranges of geographic distribution. Phylogeographic structure is closely associated with contemporary and historical population dynamics, and therefore has significant implications in conservation of endangered species as well as biological control of pest species (Demboski and Sullivan 2003; Jerry et al. 1998) . Interpretation of genetic data in combination with ecological data also should lead to better management decisions and contribute to greater understanding of population biogeography.
The edge of population distribution has been suggested to affect population differentiation and genetic diversity (Wang et al. 2002) . Peripheral populations often are isolated from the central population, and suffer from high inbreeding under genetic drift because of small population size. Such effect may result in lower genetic diversity of peripheral populations and acceleration of population differentiation (Hoffmann and Blows 1994; Lesica and Allendorf 1995) , but there are few such studies.
The greater long-tailed hamster (Cricetulus triton) is one of the major rodent pests in farmlands of northern China (Wang et al. 1996; Zhang and Wang 1998) . The distribution of this species ranges from northern China to Korea and the adjacent areas of Russia (Luo et al. 2000) . In China, the greater longtailed hamster is mainly distributed from the northern Yangtze River through the North China Plain, Northeast Plain, to central Shaanxi Plain (Fig. 1) . The greater long-tailed hamster generally occupies farmlands, grasslands, and valleys near croplands, and lives solitarily throughout the year. Males have larger home ranges than do females, and females reside in a relatively fixed burrow with a correspondingly permanent territory (Wang et al. 1996) . The activity range of C. triton is 100-300 m wide, and the activity range of females is relatively stable, about one-third of that of males (Wang et al. 1996) . The general ecology of C. triton has been extensively investigated (Zhang and Wang 1998; Zhang et al. 1999) , and a preliminary study using random amplified polymorphic DNA method to relate its genetic diversity also has been reported (Wang et al. 2002) . Greater long-tailed hamsters mostly occur in farmlands in the plains, but also occur in small patchy farmlands of narrow mountain valleys. The mountain populations usually are connected to plain populations through river drainages. Therefore, the hamster is a good model to study genetic diversity of mountain populations and its differentiation from plain populations. We hypothesize that mountain populations have lower genetic diversity than plain populations, and mountain populations form different phylogeographic groups from plain populations because mountain populations are more isolated than plain populations and their population sizes are smaller than plain populations. The purpose of this study is to examine difference in genetic diversity and the phylogeographic pattern of C. triton in plain and contiguous mountain areas in the North China Plain by using DNA sequences from the D-loop region of the mitochondrial genome, and then to test the hypothesis that mountain populations have lower genetic diversity than plain populations and to determine if they are different phylogeographic groups from plain populations.
MATERIALS AND METHODS
Study area and sample collections.-The North China Plain is made of the deposits of the Yellow River. The plain borders on the mountains of Yan Shan in the north and Tai Hang Shan in the west. In the south, it merges into the Yangtze Plain. From northeast to southeast it fronts the Bo Hai Gulf, the highlands of Shantung Peninsula, and the Yellow Sea. The Yellow River runs across the middle of the plain and flows into the Bo Hai Gulf, which acts as a major barrier to dispersal for many species.
One hundred ten samples of C. triton were collected from 9 sites in the North China Plain (Fig. 1B) . Sampling localities (with abbreviation, coordinates, sample size) were Miyun Taishitun, Beijing (MYT, 408369N, 1178129E, n ¼ 10); Miyun Jianchangcun, Beijing (MYJ, 408309N, 1168549E, n ¼ 11); Shunyi, Beijing (SY, 408089N, 1168399E, n ¼ 20); Mentougou, Beijing (MTG, 398599N, 1158429E, n ¼ 21); Huangta, Beijing (HT, 398529N, 1158349E, n ¼ 2); Laishui, Hebei Province (LS, 398509N, 1158299E, n ¼ 1); Guan, Hebei Province (GA, 398159N, 1168209E, n ¼ 21); Raoyang, Heibei Province (RY, 388089N, 1158419E, n ¼ 13); and Taikang, Henan Province (TK, 348049N, 1148519E, n ¼ 11). Because the sample sizes of Huangta and Laishui sites were too small for analysis of genetic diversity, only haplotypes of the 2 populations are given. MTG, HT, and LS are located in one river valley, whereas MYJ and MYT are in another river valley (Fig. 1C) , and the remaining sites in the plain. Both the western and eastern river valleys lead to the North China Plain. The farmlands in both river valleys were about 100-300 m wide, and often were interrupted by patches of grasses or shrubs. Hamsters were captured, by following collecting guidelines of the American Society of Mammalogists (http://www.mammalogy.org/ committees/index.asp), by using wooden snare traps. Tissue samples were preserved in 95% ethanol and stored at À208C for subsequent examination. All samples are preserved in our laboratory.
Laboratory procedures.-Genomic DNA was isolated by standard phenol-chloroform extraction protocols. A fragment of approximately 1,100 base pairs (bp) was targeted for amplification, which included the complete mitochondrial D-loop region. Two primers were used for polymerase chain reaction (PCR), H00651 (Kocher et al. 1989) and DL2 (59-CTCCACCACCAGCACCCAAAGCTG-39) . Amplifications were performed with annealing temperature optimized to 588C. Amplicons were purified by using the QIAquick PCR Purification kit (Qiagen, Hilden, Germany). The 59 end of the D-loop region was selected for sequencing. The region has been advocated as the most suitable region of mtDNA genome for intraspecific studies (Baker et al. 1993; Rosel et al. 1995) . Primer H00651 and a specifically designed internal primer HD2 (59-TCAGCCCATGCCTAACA-TAAC-39) were used for sequencing. All samples were sequenced with BigDye sequencing chemistry with an ABI 377 Automated Sequencer (Applied Biosystems, Inc., Foster City, California).
Data analyses.-Sequences initially were aligned by using the computer program CLUSTAL W (Thompson et al. 1994) , with further correction by eye. Analysis of molecular variance (AMOVA- Excoffier et al. 1992 ) was conducted by using the computer program ARLEQUIN (Schneider et al. 2000) . Haplotype and nucleotide diversity and mismatch distribution were calculated for each group. The formula M ¼ (1 À F ST )/2F ST was used to provide an estimate of the number of migrants per generation (Nm). Because the influences of drift and gene flow are difficult to separate, Nm can be interpreted as the absolute number of females exchanged between the 2 populations per generation. Fu's Fs neutrality test (Fu 1997 ) and Tajima's D procedure (Tajima 1989) were applied as an additional test for possible population expansion.
Phylogenetic analyses were performed by using PAUP* (version 4b10-Swofford 1998). Maximum parsimony searches were performed by heuristic searches by using tree-bisection-reconnection branch swapping, and 100 random stepwise additions. Bootstrap proportions were calculated with 1,000 replicates, which were used to assess the relative robustness of branch patterns. Three species, Cricetulus barabensis (GenBank number D29972), Microtus arvalis (GenBank number AF267285), and Rattus norvegicus (GenBank number AY172581), were designated as outgroup taxa. Bayesian inference was performed by using MrBayes 3.04B (Huelsenbeck and Ronquist 2001) . We assumed a HKY85 (Hasegawa et al. 1985 ) model of nucleotide substitution developed for D-loop sequences, and 4 Monte Carlo Markov chains were run simultaneously for 1,000,000 generations. Trees were sampled every 100 generations. The Markov chains reached stationarity after approximately 20,000 generations. After eliminating the first 200 trees as ''burn-in,'' we constructed a majority-rule consensus tree. The Bayesian posterior probabilities were used as nodal confidence estimates.
Nested clade analysis was conducted to provide a statistical test for the presence and causation of associations between haplotype distributions and geography (Templeton 2004; Templeton et al. 1992) . One of the advantages of the nested clade analysis approach is that spatial and temporal patterns of genetic variation can be examined concurrently. The network estimation procedure followed Templeton et al. (1992 Templeton et al. ( , 1995 and Crandall (1996) . The network connections were obtained with the program TCS version 1.0 (Clement et al. 2000) . The resulting genealogical links were checked manually against a distance matrix and errors were corrected by hand. The correlation between the clade distance (Dc) and the nested clade distance (Dn) was then examined.
RESULTS
Sequence divergence and phylogeographic structure.-A fragment of 505 bp in the D-loop region was obtained after alignment. The sequences had an overall nucleotide diversity of 0.017, gene diversity of 0.941, and biased AþT content of 67%. Sixty sites were variable, 48 sites that resulted in transitions and 12 sites that were transversal substitution. All sequences were deposited in GenBank (accession numbers AY527087-AY527125).
Thirty-nine unique haplotypes were identified among the 110 individuals examined. The 3 most common haplotypes were h1, h20, and h23, and together they made up 36% of the total samples examined. Most haplotypes were rare and highly localized. Only 6 haplotypes were identified at more than 1 location and each of the rest was restricted to a single location (Table 1) .
Tajima's D was À0.648 (P ¼ 0.32) including all samples, and ranged from À1.146 (P ¼ 0.13) to 1.802 (P ¼ 0.97) for each individual population. The value of Fs was À10.38 (P ¼ 0.021) including the total individuals, and varied between À3.260 (P ¼ 0.085) and 4.431(P ¼ 0.95) for each local population. The null hypothesis of neutral evolution of the mtDNA D-loop sequences could not be rejected, suggesting that the evolution of the D-loop region in these populations was not under strong selection.
The populations of C. triton showed a medium genetic diversity (Table 2) . Among these populations, gene diversity (H) varied between 0.182 and 0.943 and nucleotide diversity (p) between 0.002 and 0.020. Two populations, MTG and TK, displayed a higher diversity in both measurements, H and p; whereas population MYJ had the lowest H but not p. 5  h22  1  h23  1  10  h24  4  h25  1  h26  8  h27  1  h28  1  h29  1  h30  2  h31  1  h32  1  h33  1  h34  3  h35  1  h36  1  h37  1  h38  1  h39  1 Significant genetic differentiation between localities was found in the North China Plain. The AMOVA performed with all samples subdivided into 7 populations showed that the total D-loop genetic variability within populations was 54.2%, and 45.8% among populations, generating a migration rate parameter (Nm) of 0.65 (P , 0.001). Pairwise F ST values and exact tests of population differentiation indicated that each population differed from others significantly (P , 0.001; Table 3 ).
Population pairwise estimates of Nm ranged from 0.119 to 1.744 (Table 3) . Although several Nm values were above the level necessary for gene flow to overcome the effects of genetic drift (.1 migrant every other generation-Slatkin 1985), significant genetic variation was found among populations according to the exact tests. Assuming the infinite sites model, the mismatch distribution exhibited a unimodal and smooth pattern (goodness-of-fit statistics, P ¼ 0.44), which suggested constant population expansion (Harpending et al. 1998) .
Phylogenetic analysis of the mtDNA haplotypes.-The parsimony analysis yielded 120 equally most-parsimonious trees with a length of 432 steps, a consistency index excluding uninformative characters of 0.709, and a retention index of 0.805. The majority-rule consensus tree is shown in Fig. 2 . Bootstrap proportions greater than 50% were mapped on the consensus tree. The majority-rule consensus tree from the Bayesian analysis also is shown in Fig. 2 . Bayesian posterior probabilities more than 0.50 were mapped on the tree.
The topologies of Bayesian and parsimony analyses were similar. No population formed a monophyletic clade. Two main clades were found in both the Bayesian and the parsimony trees (Fig. 2) . The geographic structure of mtDNA diversity and the clade distribution were complex, but each clade revealed a limited geographic distribution corresponding to a specific topography. Clade A primarily was composed of haplotypes sampled from plain areas, whereas clade B contained haplotypes mostly from mountain regions. In most cases, closely related haplotypes were from same population or populations at close geographic proximity.
Nested clade analysis.-A single unrooted haplotype network connecting all 39 haplotypes was constructed by statistical parsimony (Templeton 1998) . The nested clade design is shown in Fig. 3 . The network generally corresponded to the relationships revealed by phylogenetic analyses; for example, nested clade 5-1 nearly mirrors clade A and nested clade 5-2 mirrors clade B. The modified inference key of Templeton (2004) was used to identify population-level processes, and 9 clades exhibited significant geographic association. The results are summarized in Table 4 .
Eight historical episodes were clearly identified during the formation of the current distribution patterns of C. triton, including 4 episodes of isolation by distance and 4 of range expansion (Table 4) . Nested clades 1-4, 3-1, 3-5, and 4-3 were defined by restricted gene flow with isolation by distance, whereas clades 2-2, 5-1, 3-7, and 5-2 were defined by contiguous range expansion. Clade 4-1 was inadequate to be discriminated whether isolated by distance or by long-distance dispersal. At a larger scale, both nested clades 5-1 and 5-2 revealed the pattern of contiguous range expansion. This result was concordant with the suggestions by the mismatch distribution analysis, Fs values, and Tajima's D.
DISCUSSION
The populations of C. triton in the North China Plain possessed substantial genetic structure. Both the pairwise comparisons and exact tests showed that each population was significantly differentiated. AMOVA also suggested significant substructure in the populations. Individual movement among populations was limited. This was evidenced by the fact that haplotypes from the same population were often grouped together on the phylogenetic trees and that there was strong correlation between nested clade and geography.
Phylogeographic discontinuity usually has been found in various species (Burbrink et al. 2000; Demboski and Cook 2001; Demboski and Sullivan 2003) , and such structure resulted either from physical barriers that restricted gene flow between geographical regions or from localized extinction of haplotypes in widely distributed taxa with limited capacity for dispersal (Avise et al. 1987) . Geographical trends in mtDNA haplotypes among populations of C. triton were observed in the North China Plain. The populations diverged into 2 phylogeographic units, mountain and plain populations, which corresponded to different geographic areas. The genetic division clearly was shown on the phylogenetic trees and the nested clade network. In the AMOVA, when all populations were separated into 2 groups (plain and mountain populations) based on the results of phylogenetic analyses, a dominant portion of the genetic variation (49.8%) was found to be due to interregional differences (P ¼ 0.000). The proportion included 25.6% of the variation due to differences among populations within each group, and 24.2% of the variation accounting for difference between the plain and mountain phylogroup. This plain-mountain pattern was similar to the common zoogeographical subregions of North China (Editing Committee of China Physical Geography 1979; Zheng and Zhang 1959) . Some species or subspecies of rodents exhibited the common plain-mountain differentiation that was characterized by their distributions (Committee of Physical Division 1959). Such a pattern might be relative to their habitat heterogeneities. There are distinct differences in climate, topography, and vegetation between plain and mountain regions (Editing Committee of China Physical Geography 1957) . The plain belongs to Huanghuai Plain Subregion and its average altitude is ,100 m. Rainfall is relatively abundant and farmland dominates in this area. Correspondingly, the mountain region belongs to Loess Plateau Subregion that lies about 1,000-1,500 m above sea level. Rainfall is the lowest in North China and vegetation mainly is composed of arid grassland and forested grassland. Possibly, 2 factors result in genetic differentiation between plain and mountain populations. First, mountain populations of the hamsters often inhabit discontinuous and small patches of arable lands along valleys, which may act as potential barriers to gene flow between plain and mountain populations. Demboski and Sullivan (2003) found that the mountain ranges have served as effective barriers to dispersal and have the reinforced phylogeographic structure observed within T. amoenus. Second, the population of C. triton in patches of farmland in the narrow valley is often small and isolated. Under the impact of inbreeding and genetic drift, the genetic diversity of small and isolated populations may decrease (Eldridge et al. 1999 ; Hoffmann and Blows 1994), but genetic differentiation among those populations may Table 1 . Haplotypes are designated with population abbreviation in parentheses.
August 2005
increase (Lesica and Allendorf 1995; Van Rossum et al. 1997) . Therefore, limited gene flow plus genetic drift and inbreeding may be an important driving force for evolution in the mountain regions.
The event of contiguous range expansion seemed to be a dominant force in formulating the distribution pattern. The unimodal mismatch distributions also suggested a recent population expansion or bottleneck effect followed by a return to the original population size as the general pattern of the species (Rogers and Harpending 1992) . Global climate, including the climate of North China, has fluctuated greatly during the past 3 million years (Yang 1987) . These severe oscillations produced great changes in species distribution that could have genetic consequences (Hewitt 2000) . Many studies reported that species displayed different genetic patterns between the southern and northern regions of their distribution caused by past climatic drift (Hewitt 1996; Ibrahim et al. 1996) . Contiguous range expansions were observed in both mountain and plain populations. This was probably caused by the recent receding of the ice cap from south to north, followed by range expansion by the hamsters.
The Mentougou and Miyun populations belong to 2 different drainages. However, the average Nm between 2 mountain populations is 0.720, smaller than that between plain populations (1.179), but approximate to that between plain and mountain populations (0.608). This implies that gene flow might exist across river valleys, although mountain ridges are often effective barriers for hamsters. Extensive human activities such as cultivation and transportation in the past might have facilitated dispersal of hamsters across different river valleys. Cultivation in deep mountains made dispersal of hamsters across forest or mountain ridges possible. Road building connected river Fig. 3 , as are the haplotype and clade designations. Numbers in inference key chain refer to the sequence of questions in the interpretative key given in Templeton (2004) . (Eldridge et al.1999; Hoffmann and Blows 1994) . Caizergues et al. (2003) proposed that habitat segment did have substantial effects on the population genetic structure of a bird species even with a relatively high capacity of dispersal. Tallmon et al. (2002) also found that populations of the California red-backed vole in patchy habitat had significantly lower mtDNA allelic diversity. Our results were complex. The mountain populations of MYJ and MYT had much lower genetic diversity, but the population MTG had the highest diversity. Results indicated that genetic diversity in small and isolated habitats is not always low. The different geographical features should partially explain the observed patterns. Most of the farmlands along the valleys are patchy in the region of Miyun. The populations MYJ and MYT with small population size inhabited discontinuous farmlands with large uninhabitable areas, that is, habitat islands also retarded individual dispersal and resulted in restricted gene flow and lower genetic diversity. Compared to the former 2 populations, the Mentougou site is at the merging site of 2 drainages, and farmlands are relative large and less isolated from each other, which might have maintained a relatively large population that often interacted with populations of 2 different small valleys. Although we only collected 3 samples from populations HT and LS, they had haplotypes shared with population MTG, suggesting that a valley corridor might contribute to more gene flow among those mountain populations of this river valley. Such a distribution pattern may result in high genetic diversity.
Lacking physical barriers, the plain populations demonstrated a high level of gene flow. The plain clade revealed a closer association between haplotype distribution and geography than did the mountain clade. This is not surprising considering the relatively uniform habitat of the plain. Topographical factors contributed less to local differentiation among populations in the plain, compared to those that occupied the mountain farmlands. The population TK was significantly different from other plain populations. It had a lower level of gene flow and shared no haplotype with other populations. These traits were possible because of its special geographic locality, which was to the south of Yellow River. The river between TK and other plain populations may be an effective barrier to dispersal, contributing to restricted gene flow partially responsible for such a pattern. Several studies also suggest that rivers can reduce gene flow, as barriers to dispersal (Brant and Ortí 2003; Burbrink et al. 2000; Pfau et al. 2001) .
This study indicates that contiguous mountains played a potential role in genetic differentiation of C. triton in the North China Plain. Limited gene flow among mountain populations or between mountain and plain populations, plus the impact of inbreeding or genetic drift on the small and isolated populations, accelerated genetic differentiation of mountain populations from plain populations. The level of genetic diversity within different populations is involved. In this study, 2 mountain populations of C. triton in a single river drainage showed lower genetic diversity, but 1 mountain population of the other river drainage showed higher genetic diversity. Our study provided an initial framework for phylogeography of C. triton in plain and contiguous mountain areas in the North China Plain. However, the factors forming phylogeographic patterns were complex and might be associated with historical processes and contemporary ecological responses. We highlight the need for extensive examination of genetic structures of general codistributed taxa and use of different DNA markers to compare phylogeographic patterns.
